Purpose: To determine the optimal radiotherapy technique for gastric mucosa-associated lymphoid tissue lymphoma (MALToma), we compared the dosimetric parameters and the risk of solid secondary cancer from scattered doses among anterior-posterior/ posterior-anterior parallel-opposed fields (AP/PA), anterior, posterior, right, and left lateral fields (4_field), 3-dimensional conformal radiotherapy (3D-CRT) using noncoplanar beams, and intensity-modulated radiotherapy composed of 7 coplanar beams (IMRT_co) and 7 coplanar and noncoplanar beams (IMRT_non). Materials and Methods: We retrospectively generated 5 planning techniques for 5 patients with gastric MALToma. Homogeneity index (HI), conformity index (CI), and mean doses of the kidney and liver were calculated from the dose-volume histograms. Applied the Biological Effects of Ionizing Radiation VII report to scattered doses, the lifetime attributable risk (LAR) was calculated to estimate the risk of solid secondary cancer. Results: The best value of CI was obtained with IMRT, although the HI varied among patients. The mean kidney dose was the highest with AP/PA, followed by 4_field, 3D-CRT, IMRT_co, and IMRT_non. On the other hand, the mean liver dose was the highest with 4_field and the lowest with AP/PA. Compared with 4_field, the LAR for 3D-CRT decreased except the lungs, and the LAR for IMRT_co and IMRT_non increased except the lungs. However, the absolute differences were much lower than <1%. Conclusion: Tailored RT techniques seem to be beneficial because it could achieve adjacent organ sparing with very small and clinically irrelevant increase of secondary solid cancer risk compared to the conventional techniques.
Introduction
Mucosa-associated lymphoid tissue lymphoma (MALToma) is a distinct clinical-pathologic entity and the stomach is the most common site of involvement [1, 2] . In several studies, moderate-dose radiotherapy (RT) for gastric MALToma yielded www.e-roj.org https://doi.org/10.3857/roj.2016.01942 excellent outcomes, with the complete responses of >95% [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Although RT for gastric MALToma is limited to the involved field, including the entire stomach and adjacent perigastric lymph nodes if these are involved, the organs at risk (OARs) such as the kidneys or liver are located near the stomach. Therefore, several planning techniques from anterior-posterior/ posterior-anterior fields (AP/PA) to 3-dimensional conformal radiotherapy (3D-CRT) have been used to reduce the radiation exposure to the OAR to be within tolerance limits. One study suggested that intensity-modulated radiotherapy (IMRT) showed the best dosimetric improvements to the kidney and liver, and it might be useful in selected patients [13] . However, IMRT generates higher scattered doses because of the longer beam-on time and increased head leakage and collimator scatter [14] . These factors would increase the risk of solid secondary cancer. Therefore, the optimal RT technique has yet not been well established.
In this study, we compared the dosimetric parameters and evaluated the risk of solid secondary cancer from scattered doses among AP/PA, 4_field, 3D-CRT using noncoplanar beams, IMRT composed of 7 coplanar beams (IMRT_co), and IMRT composed of 7 coplanar and noncoplanar beams (IMRT_non) to determine the optimal RT technique for gastric MALToma.
Materials and Methods

Patients' selection and RT planning techniques
Five patients with localized gastric MALToma, who were treated with RT at the Samsung Medical Center between 2012 and 2013, were included in this study. All patients underwent a simulation using 4-dimensional computed tomography (4D-CT). The 10 phases of the 4D-CT datasets were acquired by using a Real-time Position Management (RPM) system (Varian Medical System, Palo Alto, CA, USA). Using all of the CT datasets, the internal target volume (ITV) was defined as the sum total of the entire stomach at every respiratory stage. The 383  219  233  267  1,371  1,373  222  239  279  1,283  1,096  214  223  264  1,200  1,103  204  223  270  1,512  1,370 PTV, planning target volume; MU, monitor units; AP/PA, anterior-posterior/posterior-anterior fields; 3D-CRT, 3-dimensional conformal radiotherapy; IMRT_co, intensity-modulated radiotherapy composed of 7 coplanar beams; IMRT_non, IMRT composed of 7 coplanar and noncoplanar beams. clinical target volume (CTV) was differently defined according to stage. The CTV for patients with stage I gastric MALToma was defined as the ITV plus a 1-cm margin in order to cover the perigastric lymph nodes. The CTV for patients with stage II1 disease was defined as the CTV for stage I gastric MALToma plus a generous margin around the involved lymph nodes. The planning target volume (PTV) was defined as the CTV plus a 0.8-cm margin. Normal tissues such as the right and left kidneys, liver, right and left lungs, and spinal cord were contoured on the planning CT image.
We sent the data into the Eclipse treatment planning system (Eclipse ver. 8.9.1; Varian Medical Systems) and retrospectively generated 5 planning techniques using a 10-MV photon: AP/PA parallel-opposed fields (AP/PA); anterior, posterior, right, and left lateral fields (4_field); 4-6 coplanar and noncoplanar fields (3D-CRT); IMRT_co; IMRT_non. The noncoplanar beams used for 3D-CRT and IMRT_non were mainly composed of inferior oblique beams to avoid the left kidney. Multi-leaf collimator apertures were created to encompass the PTV by 0.7 cm in all directions. The beam angles, weights, and dynamic wedges were optimized individually to achieve optimal PTV coverage, conformity, homogeneity, and dose limits of the OARs. In particular, doses to the left kidney and liver were reduced as much as possible without compromising the PTV coverage or conformity. The plans were normalized to the isocenter, and doses were prescribed at the isodose level that encompassed at least 95% of the PTV, typically the 95% isodose. All generated plans for each patient consisted of 30 Gy in 15 fractions. The patients' characteristics and planning data are described in detail in Table 1 . A representative example of the treatment plan is presented in Fig. 1 .
This study was approved by the Institutional Review Board of the Samsung Medical Center (2014-04-022). The review board waived the need for written informed consent from the participants because this study was retrospective nature and did not infringe on all patients' rights by anonymizing and de-identifying all patients' records and information prior to analysis.
Dosimetric parameters for plan evaluation
The homogeneity index (HI) is calculated as follows:
where D 5 (the minimum doses in 5% of the PTV) and D 95 (the minimum doses in 95% of the PTV) represent the minimum and maximum doses within the PTV and D p is the prescribed dose. A lower value indicates a more homogeneous dose distribution within the PTV; an ideal HI would be 0 [15] .
The conformity index (CI) is calculated as follows:
where BV 95 means the volume of the body receiving 95% of the prescribed dose. The CI of 1 indicates an ideal conformation [16] .
The mean doses in the kidneys and liver, and the percentage of liver volume that received at least 15 Gy (V 15Gy ) were calculated from the dose-volume histograms (DVH).
Measurement of scattered doses
For this study, we used a commercially available radiophotoluminescence glass dosimeter (RPLGD) (GD-302M; Asahi Techno Glass Co., Shizuoka, Japan) to measure the scattered doses. This RPLGD was rod-shaped with a diameter of 1.5 mm and a length of 8.5 mm. The 13 RPLGDs were placed within the brain (right and left), thyroid (right and left), lungs (1 on right and 2 on left), rectum (right and left), bladder (right and left), and prostate/cervix (right and left) of a humanoid phantom (RANDO Phantom; The Phantom Laboratory, Salem, NY, USA). Fig. 2 shows the numbers and locations of the RPLGDs at each organ. A total of 25 planning techniques were delivered to the humanoid phantom by using the original planning parameters. The location of the isocenter was adjusted in the humanoid phantom until it was very similar to that of each patient. Radiation was delivered with RapidArc (Varian Medical Systems): one fraction of 2 Gy was delivered to the isocenter for each measurement. Next, the measured doses in the RPLGDs for the single fraction were multiplied by 15 to obtain the total scattered doses throughout the entire treatment course of 30 Gy. Approximately, half of the total lung volume was included during each patient's CT simulation. Therefore, we estimated the scattered doses to the lungs by calculating the average of the absorbed doses according to the lung DVH from the original planning data and the measured doses from the RPLGDs located in the lung area of the humanoid phantom.
Finally, we adopted organ equivalent doses (OEDs) instead of the measured organ doses to assess the risk of solid secondary cancer from scattered doses, considering 3D dose distributions by 3D-CRT or IMRT [17] . The OED, which were based on a plateau dose-response model, was calculated as follows:
where V is the whole volume, V i is a volume element, D i is the dose element, and δ is an organ-specific model parameter [18] .
Estimation of solid secondary cancer risk
We used the Biological Effects of Ionizing Radiation (BEIR) VII report and estimated the risk of solid secondary cancer in the organs of interest for male and female patients aged 40, 50, 60, 70, and 80 years [19] .
First, the excess absolute risk (EAR) and excess relative risk (ERR) were calculated as follows:
where D is the dose (OED), e is the age at exposure, a is the attained age, and s is the sex. Sex-specific and organ-specific value of β , γ, and η are obtained from Table 12 -2 in the BEIR VII report. The attained age was arbitrarily set at 20 years after exposure.
Next, we evaluated the lifetime attributable risk (LAR), which meant the solid cancer incidence per 100,000 exposed persons. The LAR for a person exposed to dose D (OED) at age e was calculated as follows:
where the summation is from a = e + L to 100, a indicates the attained age, and L is a risk-free latent period (L = 5 years for solid cancer). The M (D, e, a) is the EAR, S(a) is the probability of surviving until age a, and S(a)/S(e) is the probability of surviving to age a, conditional on survival to exposed age e. The S(a)/S(e) values were obtained from a complete life-table 2012 for the Korea population [20] . And we compared the mean LAR of the 4 planning techniques in each organ with the mean LAR of 4_field, which most institutions currently use, to determine the relative differences.
Statistical analysis
The overall differences between the 5 planning techniques and the measured scattered doses in each organ were analyzed by using a generalized estimating equation method. A p-value of <0.05 was considered statistically significant. For organs with the statistically significant differences, the Tukey's multiple comparisons of the generalized estimating equation method were used to identify the differences between 4_field and the other 4 planning techniques. A p-value of <0.05 was considered significant. Statistical analyses were performed using SAS ver. 9.3 (SAS Institute Inc., Cary, NC, USA). Fig. 3A shows the HI for each patient according to the 5 planning techniques. Although there was a trend toward a better HI with 4_field, the uniformity of dose distribution in the PTV varied according to the individual patient rather than the planning techniques. Fig. 3B shows the CI. The CI for AP/PA ranged from 2-2.5, and this denoted a minor violation of the conformity. The CIs of the remaining 4 planning techniques ranged from 1-2, and they were considered to comply with the treatment plans, particularly in the case of IMRT.
Results
Dosimetric comparison
The absorbed mean doses in the kidneys and liver, and V 15Gy of the liver are indicated in Fig. 4 . The mean kidney dose was the highest with AP/PA, followed by 4_field, 3D-CRT, IMRT_co, and IMRT_non. In contrast, the mean liver dose and V 15Gy were the lowest with AP/PA and the highest with 4_field. Table 2 summarizes the measured organ doses and OEDs from scattered doses throughout the entire treatment course of 30 Gy. The measured organ doses decreased as the distance from the PTV increased. In case of 3D-CRT, the noncoplanar beams increased the doses to organs above the PTV and decreased the doses to organs below the PTV than AP/PA and 4_field. Both IMRT_co and IMRT_non yielded the highest scattered doses, except in the lungs. IMRT_non used noncoplanar beams that increased the scattered doses to the lungs than IMRT_co despite using same dose-volume constraints as in IMRT_co. The OED at each organ was the same or slightly less relative to www.e-roj.org https://doi.org/10.3857/roj.2016.01942 the measured doses by the parameter of δ.
The risk assessment of solid secondary cancer from scattered doses
The LAR of each organ according to the age at exposure of 40-80 years, the sex, and the 5 planning techniques are indicated in Fig. 5 . For the thyroid, there was no LAR data in a lack of the EAR data. The lungs represented the site with the most probable carcinogenic effects after RT, with estimated solid cancer incidence of 1.297-188.153 per 100,000 exposed males and 5.470-396.617 per 100,000 exposed females. The
Conformity index
Pt #1 incidence of solid secondary cancer was age-dependent, and increased as the age at exposure decreased. In terms of the sex, there was variability. Younger male had higher LAR in the rectum and bladder than female. With an increasing age at exposure, however, older male had lower LAR than female because female live longer and have a higher probability of survival. Relative to 4_field in terms of planning techniques, the mean LAR for AP/PA decreased by 19%-26% in the brain and lungs but increased by 20%-34% in the other organs, whereas the mean LAR for 3D-CRT increased by 13% in the lungs but decreased by 27% in the other organs. The mean LAR for IMRT_co relatively decreased by 15% in the lungs but increased by 73%-126% in the other organs, whereas the mean LAR for IMRT_non decreased by only 2% in the lungs and increased by 71%-119% in the other organs. The greatest difference in the mean LAR was observed between 4_field and IMRT in the cervix, and the estimated solid cancer incidence rates per 100,000 exposed females were 10.524 after 4_ MOD, measured organ dose; OED, organ equivalent dose; AP/PA, anterior-posterior/posterior-anterior fields; 3D-CRT, 3-dimensional conformal radiotherapy; IMRT_co, intensity-modulated radiotherapy composed of 7 coplanar beams; IMRT_non, IMRT composed of 7 coplanar and noncoplanar beams. field, 23.764 after IMRT_co, and 23.004 after IMRT_non. The difference of absolute value, however, was much lower than 1%.
Discussion and Conclusion
To our knowledge, this was the first study to evaluate the optimal planning technique using modern RT techniques for gastric MALToma. When we compared the dosimetric parameters of the 5 planning techniques, IMRT yielded the best value for conformity, and followed by 3D-CRT, 4_field, and AP/PA. In terms of normal tissue sparing, the mean kidney dose was the highest with AP/PA, followed by 4_field, 3D-CRT, IMRT_co, and IMRT_non. The risk of renal toxicity after RT for gastric MALToma increased along with the increase of irradiated dose to the kidney [21] . Therefore, most institutions use the 3_field, 4_field or multi-fields technique rather than AP/PA to reduce the dose to the kidney with no reported renal toxicity. However, the use of these techniques leads to an increase the dose to the liver than AP/PA, and increases the probability of hepatic toxicity. Tanaka [22] reported hepatic dysfunction of 70% after RT using 3_field or 4_field to gastric lymphoma. For patients with V 10Gy >60%, V 15Gy >50% or V 20Gy >30% of the liver, the incidence of hepatic dysfunction increased significantly. They improved 2-50 months after RT, but 6 patients experienced persistently increased alkaline phosphatase levels within the follow-up period. If a patient has comorbidities unrelated to gastric lymphoma, the occurrence and prolongation of hepatic toxicity might disturb further treatment. Therefore, authors suggested that the dose to the liver should remain as low as possible. Some studies about the liver sparing effect between 3D-CRT and IMRT for hepatocellular carcinoma reported that the high dose region was significantly smaller in IMRT, although the low dose region was significantly smaller in 3D-CRT [23, 24] . These support that IMRT would have a role in the liver protection by reducing the high dose region. In our study, V 15Gy of the liver >50% was observed for all patients with 4_field and for 2 patients with 3D-CRT. In this clinical setting, IMRT planning technique should be considered to reduce hepatic toxicity. However, there was no significant difference between IMRT_co and IMRT_ non. Therefore, we recommend IMRT_co rather than IMRT_ non because of the reduced treatment time required for couch rotation and the reduced mechanical load on the treatment machine.
Because patients with gastric MALToma tend to have a prolonged survival, the development of secondary cancer is an important issue. The influence of RT to secondary cancer for gastric MALToma, however, is controversial. Although RT is considered as a major risk factor for the development of secondary cancers, only 8% of secondary cancers are duo to RT and the remainders are due to genetic factors, lifestyle behaviors, and aging [25] . Some studies that followed patients for >7 years after RT to gastric MALToma reported variable secondary cancer incidence of 5-17%, as shown in Table 3 [5, [8] [9] [10] . One study demonstrated that most of solid secondary cancers developed at sites distant from the irradiated area [8] . In this study, we applied 3D-CRT and IMRT to maximize normal Goda et al. [8] Okada et al. [9] Wirth et al. [10] 18 167 a) (25) In_field: gastric cancer at 24 months (n = 1) In_field: hepatoma at 36 months (n = 1) Out_field: bladder cancer at 42 months (n = 1) In_field at 5 years and 7 years (n = 2) Others were not specified.
Most of secondary malignancy were at distant sited from the irradiated area, and were of diverse histology. Out_field: lung cancer at 3 years (n = 1) When stomach and regional LNs were included, In_field: colon cancer (n = 2) Out_field: bladder cancer (n = 1) Uncertain relationship: 1 breast cancer and 1 lung cancer (n = 2) When whole abdomen was included, In_field: 2 prostate cancer and 1 endometrial cancer (n = 3) Out_field: 1 larynx cancer and 1 neck skin cancer (n = 2) Uncertain relationship: 1 breast cancer, 1 lung cancer, and 1 skin cancer (n = 3)
RT, radiotherapy; MALToma, mucosa-associated lymphoid tissue lymphoma; F/U, follow-up; AP/PA, anterior-posterior/posterior-anterior fields; 3D-CRT, 3-dimensional conformal radiotherapy; 2D, 2-dimensional. tissue sparing. However, the noncoplanar beams of 3D-CRT and IMRT_non increase the volumes of normal tissues exposed to lower RT doses because of the longer beam pathway. IMRT has more monitor units and induces a larger total body dose from leakage [14, 26] . These increases of scattered dose might increase the risk of solid secondary cancer, especially at sites distant from the irradiated area. When we estimated the risk of solid secondary cancer by using the BEIR VII report, the LAR decreased as the age at exposure increased. The mean LAR for 3D-CRT increases by 13% in the lungs but decreases by 0%-27% in the other organs than 4_field, which is currently used in most institutions. On the other hand, IMRT relatively increase the LAR approximately 2-fold than 4_field in all organs except the lungs. The difference of absolute value between IMRT and 4_field, however, was much lower than 1% in all organs. Therefore, 3D-CRT could be safely applied to treat gastric MALToma without increasing the risk of solid secondary cancer. If a 3D-CRT-based planning technique shows V 15Gy of the liver >50%, IMRT_co would be considered to minimize hepatic toxicity, especially for patients with underlying liver disease because the absolute incidence of solid secondary cancer associated with IMRT is very small.
There were following limitations in the current study. First, we used the BEIR VII report to estimate the risk of solid secondary cancer. However, the risk estimation model contained inherent uncertainty with respect to the epidemiological data and our understanding of exactly how radiation exposure increases the risk of cancer, although the BEIR VII report provided the organ, sex, and age-specific model parameters [19] . These statistical uncertainties and assumptions have introduced considerable uncertainty. Second, we measured scattered doses by using a humanoid phantom. The phantom did not account for inter-patient anatomical variations in the organs of interest. These variations might induce changes in the measured organ doses and substantial changes in the LAR. Therefore, we need to conduct long-term follow-up in a clinical setting.
In conclusion, all planning techniques provided appropriate PTV coverage and conformity for gastric MALToma, and both IMRT techniques offered the greatest dosimetric benefit. In terms of normal tissue sparing, the mean dose to the kidney was the highest with AP/PA, followed by 4_field, 3D-CRT, IMRT_co, and IMRT_non. On the other hand, the mean liver dose and V 15Gy were the lowest with AP/PA and the highest with 4_field. In terms of the risk of solid secondary cancer, 3D-CRT did not increase the LAR when compared with AP/ PA and 4_field. On the other hand, IMRT increased the LAR by approximately 2-fold in all organs except for the lungs, relatively. However, the absolute differences between the planning techniques were very small. Therefore, tailored RT techniques seem to be beneficial because it could achieve adjacent organ sparing with very small and clinically irrelevant increase of secondary solid cancer risk compared to the conventional techniques.
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